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R285Evolution: The Plastic
Transcriptome
Studies across a wide range of species point to a surprising degree of
plasticity in the transcriptional states that organisms can adopt,
suggesting that organisms often respond to environmental challenges
through wholesale reprogramming of their gene expression.Greg Gibson
How plastic is the transcriptome?
This is probably not a question that
many of us have thought about
much; yet it is fundamental to an
understanding of how organisms
adjust their physiology and
behavior to cope with the diverse
challenges posed by the
environment. The literature on the
topic is as yet quite slim, but one
profound insight is beginning to
emerge, namely that organisms
can globally switch transcriptional
states. Individuals in either state
display considerably more
divergent expression profiles than
those seen across the geographic
range of the species within a given
state. I will briefly describe four
examples of this phenomenon,
before discussing the evolutionary
and biomedical implications of
transcriptional plasticity.
In this issue of Current Biology,
Lagardier and colleagues [1]
describe transcriptional
differentiation between sedentary
and migratory salmonid fish in
Western Europe. The authors
sampled livers of 90 juvenile brown
trout from six localities and
conducted microarray analysis on
a set of 900 cDNAs. Their strikingresult (Figure 1) is that the overall
transcriptional phenotypes cluster
by life history strategy, despite the
genotypic data from the same
samples clearly discriminating the
fish by locality. Fish destined to
migrate out of their streams thus
display a particular pattern of liver
gene expression, which indicates
that it is not just their behavior that
has been preprogrammed, and this
pattern is pretty much the same
whether the fish stem from
Mediterranean or Atlantic lineages,
which diverged half a million years
ago. By employing a novel
application of a Mantel statistic,
they further estimate that life
history (45%) explains three times
more of the transcriptional
variation than genetic ancestry
(15%). The remainder is ascribed to
random differences among
individuals, but by restricting their
analysis to 268 of the genes they
are able to generate a molecular
signature that predicts whether
a fish will be sedentary or
migratory.
This is, of course, not to say that
transcriptional variation between
individuals is not significant.
A different perspective on the
population structure of expression
variation emerges froma microarray study of 192
metabolic genes in the brain, liver
and heart of three populations of
Fundulus fish [2]. After the fishwere
raised in a common laboratory
environment, three quarters of the
transcripts were found to differ in
abundance between tissues, as
might be expected given the
varying metabolic requirements of
the tissues, but only one third of
these patterns were consistent
across the three populations.
Furthermore, half of the transcripts
differed between individuals,
implying that caution should be
raised in assuming that
measurements on a single
laboratory strain are representative
of the entire species.
Remarkable reprogramming of
global gene expression has also
been documented in relation to the
behavioral occupations of adult
honeybees [3]. A highly replicated
experimental design was used to
show that in the honeybee brain the
abundance of 39% of 5,500 genes
changes with the transition from
working inside the hive to foraging
outside. This plasticity was shown
to be independent of the aging
process, and as with the trout,
a molecular signature derived from
an informative subset of the genes
correctly predicts behavior in 95%
of their sample of 60 individuals.
More recently, the same group
[4] has shown that the transitional
occupations — such as
comb-building, guarding and
undertaking — are by contrast
associated only with very
modest transcriptional changes.
This suggests that dramatic
short-term behavioral differences
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Figure 1. Transcriptional variation matches life history rather than relatedness in
brown trout.
Clustering of liver samples from juvenile brown trout populations by transcriptional
profile correlates with sedentary (red) versus migratory (blue) life history strategy, irre-
spective of genetic and geographic differentiation. ‘Med’ indicates the Mediterranean
lineage, in contrast with the Atlantic lineage represented by samples from France (F)
and Denmark (D). Adapted from [1].need not require wholesale
transcriptional change, but
that long-term behavioral
differences may typically be
associated with substantial
physiological remodeling
mediated at the transcriptional
level.
Moving on to a mammalian
example, considerable
differentiation between wild and
farm-raised foxes in Sweden has
been observed [5], in so far as
2,500 of almost 30,000 human
cDNAs on their microarrays were
differentially expressed in three
brain regions. We have observed
a similar differentiation between
whole blood samples of captive
and free-range red wolves
(E.M. Kennerly and G. Gibson, in
preparation), again favoring the
notion that environmental
circumstances can dramatically
alter global gene expression. The
Swedish study also contrasted two
subsets of the farm-raised foxes,
one selected for tameness and the
other representing the base farm
population, and found that fewer
than 0.1% of the genes, just 40
transcripts, had responded to
selection. Contrast this result with
that of a study of similar selection
intensity, for copulation speed in
Drosophila melanogaster [6], in
which asmany as 25%of the genes
changed in abundance, and it is
clear that the effect of behavioralselection in the foxes was very
limited.
A last example concerns drought
and heat stress response in plants
[7]. Desiccation and elevated
temperature induce global gene
expression responses in
Arabidopsis thaliana, as might be
expected, but these are not
additive phenomena. Exposed to
both stresses simultaneously, the
plants induce an extra set of over
450 genes and turn off the induction
of some of the major stress
response mechanisms involved in
either drought or heat alone. These
global plastic changes are
associated with differentiation
in the metabolic pools measured
in the plants, which seem to switch
energy sources as required. The
coordinated response points to
a highly evolved mechanism for
coping with environmental
challenges.
The combined message from
these diverse studies is that
transcriptomes can adopt highly
differentiated states involving large
percentages of the genes
expressed in a particular tissue. It
is no longer surprising that single
transcription factors can regulate
the activity of batteries of hundreds
of target genes; after all, this is how
development is orchestrated.
However, what is important here is
that the magnitude and extent of
the effects have been found to belarge in comparison to genetic
differentiation between individuals
and even populations. It will be
important to ascertain to what
extent the profiles are qualitatively
distinct, representing phase shifts
as opposed to simply being
extremes of a continuous
distribution of transcription.
The relevance to evolutionary
biology is that these findings once
again remind us to look beneath the
surface of the phenotype if we are
to understand the forces shaping
genetic variation. Much of the
classical literature on phenotypic
plasticity deals with polyphenism,
which is the adoption of
qualitatively distinct traits by
different individuals of a species,
such as winged and wingless
castes of ants or horn size in
beetles [8]. Now we have a
sense that polyphenism may
indeed be prevalent at the
molecular level across a broad
array of organisms.
It has also become apparent
recently that transcription
measured under a standard set of
laboratory conditions is typically
under strong stabilizing selection
[9,10]. This means that cis- and
trans-acting mutations that
promote divergence from normal
levels of transcript abundance are
either quickly purged by natural
selection, or suppressed by
homeostatic mechanisms. If there
are typically two ormore states that
gene expression profiles can
adopt, then the question arises as
to whether variants that modify
transcript abundance have an
equivalent effect on both states.
How often is a mutation that is
deleterious in one condition,
advantageous or neutral under
another? Widespread plasticity
would imply greater potential for
the balancing of variation: just as
the sexes provide alternate
physiological environments, so too
should conditions of stress,
behavioral caste, or other
responses to environmental shifts.
The workmentioned above is not
without biomedical implications
either. Disease states such as
diabetes, asthma, and depression
are often thought to arise as
a threshold response that
fundamentally shifts the relevant
aspects of an organism’s
Dispatch
R287physiology. The role of
corticosteroid releasing factor in
regulation of amphibian
metamorphosis and mammalian
eclampsia provides precedent for
implication of a conserved
regulatory pathway that normally
regulates environmental response,
promoting disease under stressful
circumstances [11]. It is worth
wondering whether the molecules
that regulate thresholds in disease
more generally coordinate global
transcriptional switches as part of
normal physiological function.
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